The bactericidal action of penicillin is presently believed to result from alterations in nucleotide and peptide metabolism related to the structure of bacterial cell wall material. Park and Strominger have shown that in the penicillin-sensitive staphylococcus the drug causes the rapid accumulation of a group of uridine nucleotides."' These compounds contain a hexosamine, acetylmuramic acid, and peptides of D-glutamic acid, L-lysine, and D-and L-alanine." These substances are components of the staphylococcal cell wall and have been shown to be present in the same ratio in the nucleotides and in the cell wall.1'
METHODS

Culture of organism
Escherichia coli (ATCC 9637) was maintained on agar slants and used throughout. Two culture media were employed. Medium E" contained inorganic salts and glucose. Medium 1 ,000 ml. The glucose and sucrose were autoclaved separately in concentrated solutions and then added to the complete medium.
All cultures were inoculated with 5 to 20 ml. of a late logarithmic phase culture in Medium E. Intact bacteria for nucleotide fractionation were grown in Medium A mixed with one-third volume of Medium E. These cultures were incubated at room temperature with shaking in three-liter bacterial culture flasks or in vigorously aerated eight-liter bottles and were harvested late in the logarithmic phase of growth.
Preparation of protoplasts
One volume of an overnight culture grown in Medium E at 370 was added to three volumes of Medium A supplemented with 1,000 units per mililiter of crystalline sodium or potassium penicillin G. The resulting mixture (2 to 8 liters) was incubated at room temperature either with shaking or aeration as in the normal bacteria cultures.
Morphological changes (in gram or methylene blue stains) were almost identical with those described by Lederberg Characterization of nucleotides by paper chromatography All chromatograms were run descending; and for analytical purposes Whatman number 1 paper was employed. Unhydrolyzed nucleotides were tentatively identified using n-butanol-acetic acid-water (2: 1: 1) and a propanol-ammonium sulfate solvent.' The latter was prepared by dissolving 600 gm. of ammonium sulfate in 1 liter of 0.1 M sodium phosphate buffer which had been adjusted to pH 6.8 with HCl and adding 20 ml. of n-propanol to the resulting solution. Fractions from the ion exchange column were further purified by chromatography on Whatman number 2 paper in butanol-acetic acid-water.
Nucleotides were hydrolyzed for eight hours in 6 N HCI in a sealed tube at 1000 following which the HCl was removed by evaporation under reduced pressure. For subsequent chromatography, the following systems were employed: n-butanol-acetic acid-water ( 
RESULTS AND DISCUSSION
The total acid-soluble nucleotide content of the penicillin-inhibited sensitive staphylococcus is approximately twice that of the normal organism.' This increase results from the accumulation of amino-acid-containing uridine nucleotides.' No comparable increase in total acid-soluble nucleotide content was observed in the E. coli protoplasts. The relative amounts of nucleotides, RNA, and protein are given in the table and are almost identical in the normal E. coli and protoplasts.
Ultraviolet absorbing matarial was eluted from the ion exchange column throughout the entire range of formate ion concentration. In both normal E. coli and protoplasts the eluted fractions may be grouped into a series of comparable peaks. Two large peaks appeared in the early portion of the formic acid gradient section of the elution at positions compatible with DPN (peak 1) and AMP (peak 2).
On chromatography in butanol-acetic acid and propanol-ammonium sulfate, peak 1 yielded a component with the mobility of DPN. Its identity was confirmed by assay with alcohol dehydrogenase which demonstrated that 97 per cent of the ultraviolet absorption of a sample eluted from paper could be accounted for as DPN. An estimate of the DPN content relative to the total ultraviolet absorption of the acid-soluble fraction is given in the table. This substance is the single nucleotide present in the greatest quantity. The relative amount in the protoplasts is increased to approximately 2.5 times that in the normal rod-shaped E. coli. A similar phenomenon apparently does not occur in the penicillin-inhibited sensitive staphylococcus,' and the mechanism of the increase in the protoplasts is not known. Peak 2 on chromatography in the same solvent systems yielded one component with a mobility and spectrum identical to those of adenylic acid. The relative amount of this substance was approximately the same in the two bacterial forms.
The material eluted by 0.2 N ammonium formate in 4 N formic acid was grouped into a series of smaller, less well-defined peaks as shown in the diagrams of Figure 1 . In the subsequent portions of the elution using 0.4 N and 0.8 N aminonium formate in 4 N formic acid, there appeared a series of small peaks containing amounts of ultraviolet absorbing material insufficient for characterization. Study of the peaks shown in the figure was directed towards detecting amino acids or hexosamines. To obtain sufficient quantities of material for characterization, 16-liter cultures of normal E. coli and 48-liter cultures of protoplasts were prepared, and peaks from three protoplast cultures and a single normal E. coli culture were then studied.
In the normal E. coli, peak 3 yielded five components on hydrolysis: uracil, muramic acid, glucosamine, glutamic acid, and glycine. Peak 4 gave these same substances and in addition alanine and diaminopimelic acid. A drawing of one of the chromatograms from this peak is shown in Figure 2 . Peak 5 contained uracil and no amino acids or hexosamines. In the protoplasts peak 3 yielded uracil, muramic acid, glucosamine, glutamic acid, and glycine and was thus similar in composition to the corresponding peak in the normal E. coli. However, both peaks 4 and 5 gave uracil and no amino acids or hexosamines. The protoplasts thus appear to lack the nucleotide fraction containing diaminopimelic acid and alanine. Diaminopimelic acid was identified by its mobility and color in the methanol system of Ruhland'8 designed for its detection and by the characteristic yellow color which its spot was found to develop on standing 24 hours after chromatography in the lutidine solvent. Each protoplast fraction was chromatographed in one or both of these systems, and in no case was diaminopimelic acid found, though it was present in one of the normal E. coli fractions.
The quantitative composition of these nucleotide fractions was not established. With the techniques employed, it is possible to state only that the amount of uracil and amino acids seemed of the same order of magnitude.
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Volume 32, Novernbet-1959 Fig. 1 .) run in n-butanol-acetic acid-water, 2: 1: 1. After removal from the tank the paper was cut along the broken line and the two portions treated as indicated. The hydrolyzed nucleotide solution was applied to the paper at the two points marked A. Abbreviations are as follows: Ala-alanine, Arg-arginine, Asp-aspartic acid, Cyscystine, DAP-a,e-diaminopimelic acid, Gla-D-glucosamine, Glu-glutamic acid, Glyglycine, His-histidine, Ileu-isoleucine, Leu-leucine, Lys-lysine, Met-methionine, Murmuramic acid, Phe-phenylalanine, Pro-proline, Ser-serine, Thr-threonine, Try-tryptophan, Tyr-tyrosine, Ura-uracil, Val-valine. The molecular homogeneity of the fractions was not shown in these experiments; they merely demonstrated the association of the various components in the same ultraviolet absorption peaks. The presumption that the amino acids and hexosamines were part of an original nucleotide compound is not proved but seems warranted from the nature of the separation and extraction methods employed. The glucosamine seen in the chromatograms could have been derived from free glucosamine linked to a nucleotide or could have been a product of the cleavage of the ether linkage of muramic acid.
Isolation of these fractions suggests that in E. coli as in S. aureus, uridine nucleotides of a similar type play a role in formation of complex wall polysaccharide. After this work was completed, Strominger' reported the isolation from a mutant strain of E. coli, of a uridine diphosphate nucleotide containing muramic acid, alanine, diaminopimelic acid and glutamic acid. The probable relationship of this compound (which did not contain glycine) to the nucleotide fractions described in the present study remains to be demonstrated.
An estimate of the relative amounts of amino-acid-containing fractions in protoplasts and normal E. coli is given in the table. Because the compounds appear to be qualitatively different in the two cell forms, the significance of the somewhat greater amount in the normal bacteria is not clear. Strominger found the accumulation of uridine nucleotides in S. aureus resulted in a series of large peaks in the elution from the penicillin-treated bacteria.' The amount of nucleotide-linked hexosamine was very much greater in the penicillin-inhibited bacteria.' It is apparent both from the elution diagrams and the table that no comparable accumulation of peptide nucleotides occurs in the penicillin protoplasts of E. coli. The difference in amino acid composition, however, was found consistently in all cultures studied. These results are consistent with the recent demonstration of Nathenson and Strominger that penicillin inhibits incorporation of diaminopimelic acid into the cell wall of E. coli. ' The findings of the present study suggest that in E. coli penicillin affects incorporation of substances such as diaminopimelic acid into peptide nucleotides. In staphylococci a muramic acid pentapeptide nucleotide accumulates in the presence of penicillin."'3" This has been interpreted as indicating that the antibiotic blocks the transfer of hexosamine-peptide groupings from this nucleotide to the cell wall.' In E. coli, on the other hand, penicillin seems to alter the incorporation of amino acid components into the peptide chain of the nucleotide. It might in this way interfere with formation of nucleotide precursors of cell wall material.
The lack of accumulation of peptide nucleotides in the penicillin protoplasts is in keeping with results in certain resistant gram-positive species. In these strains no accumulation of hexosamine nucleotides occurred even when the cultures were treated with bactericidal concentrations of penicillin.' The organisms studied were S. faecalis and a laboratory developed resistant strain of S. aureus which presumably did not produce penicillinase.' Although the mechanism underlying action of the drug in these organisms is not known, it would seem from the results in the E. coli protoplasts that cell wall formation may be altered without the accumulation of uridine nucleotides observed in sensitive strains of the staphylococcus.
These experiments do not definitely establish that penicillin interferes with formation of nucleotide precursors of the cell wall of E. coli. Although the results do suggest such a mechanism, naturally other interpretations are possible. For example, a pentapeptide nucleotide might be produced in the protoplasts and diffuse (through the altered cell wall) into the culture medium. Since no decrease was observed in the quantities of other component nucleotides or in total nucleotide content in the protoplasts, the alteration in permeability of the wall would necessarily have to be somewhat selective. However, the medium was not examined for nucleotides, and such a possibility cannot be definitely excluded. This limitation as well as the crude characterization of the nucleotide fractions and the complexity of the underlying biochemical mechanisms necessarily qualify any specific mechanism that might be proposed on the basis of the experiments described in this paper.
SUMMARY
The nucleic acids and soluble nucleotides of penicillin-induced protoplasts of E. coli have been compared with those of the normal rod-shaped organisms.
No appreciable difference was found in the RNA and total nucleotide content of the two bacterial forms. The DPN content of the protoplasts was approximately 2.5 times that of the normal E. coli.
A nucleotide fraction from the normal E. coli yielded on hydrolysis uracil, muramic acid, glucosamine, glutamic acid, and glycine. A second fraction contained all these components and in addition alanine and diaminopimelic acid.
A fraction from the protoplasts contained the same five substances as the first normal E. coli fraction. The peak which seemed to correspond with the fraction containing alanine and diaminopimelic acid, however, yielded uracil and no amino acids. The amino-acid-containing nucleotide fractions were not increased in the protoplasts compared with the control normal E. coli.
The findings suggest that in E. coli, penicillin may alter incorporation of components such as diaminopimelic acid into nucleotide precursors of the cell wall.
